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I. INTRODUCTION
The transfer of acoustic energy from one domain to another via an opening or aperture is a common problem in many engineering applications. Quite commonly such apertures are rectangular in cross-section and have a thickness that is not negligible in comparison to a wavelength of the impinging sound. Thus, for a solution over a wide frequency range, it is necessary to consider the contribution from higher-order modes. For plane-wave impingement at low frequencies, or small Helmholtz numbers, when the wavelength of the incident wave is much greater than the dimensions of the rectangular aperture, there exist established approximate methods to estimate the sound fields, such as that developed by Sauter and Soroka. 1 At higher frequencies, when the wavelength of the incident plane wave approaches the dimensions of the aperture, higher-order duct modes will propagate in the aperture. Thus, full solutions to the problem must include coupling between these higher-order modes, 2 but this results in a fully numerical analysis that is computationally intensive. There has been previous work that evaluates the fully coupled problem of plane-wave impingement on a rectangular aperture over a wide frequency range, see for example Refs. 3-5. In particular, Park and Eom 5 used an approach utilizing the Fourier transform and mode matching to obtain a rigorous solution to the fully coupled problem, with improved numerical efficiency as compared with earlier methods. Horner and Peat 6 developed this approach to determine a simple approximate solution for the scattered field from a rectangular aperture in a rigid baffle separating two semi-infinite half-spaces when the frequency of excitation is such that higher-order modes freely propagate in the aperture. All analysis was undertaken in non-dimensional wave number space to allow results to be applicable to any combination of aperture size and frequency. It was shown that only a relatively small number of modes make a significant contribution to a given solution. Furthermore, it was found that when the incident plane wave excites an aperture mode at its cut-on frequency, the error in using an uncoupled solution is insignificant. An analytical approximation to the self-coupling coefficients was developed that resulted in approximate analytical expressions for all of the field potentials.
In this paper, the previous theoretical work 6 is extended to consider wave impingement on a rectangular aperture from a point source in Sec. II. The development of a point source analysis enabled a more direct approach to the experimental investigation of the scattered field, as it did not require the construction of a plane-wave source. In Sec. III, details are given of the experimental work to measure the sound pressure that results on the transmitted side when sound from a point source is incident upon a rectangular aperture. This measured data is compared with theoretical results from the approximate uncoupled analytical solution in Sec. IV. Testing was undertaken with the point source located to drive a particular higher-order mode exactly at cut-on. Also the source was a located at positions that did not relate to the precise cut-on condition of any specific high-order mode. Due to practical restrictions, only the (1,0), (2,0), and (2,1) were measured; however, this did allow for both axial and tangential modes to be investigated. Good agreement between measured and predicted results was found not only when the impinging wave excites one mode of the aperture exactly at cut-on, as might have been expected from the previous theoretical investigation 6 but a) Author to whom correspondence should be addressed. Electronic mail: J.L.Horner@lboro.ac.uk also for any randomly chosen impinging wave. This observation greatly extends the practical use of the approximate solutions given here and earlier. 6 Although measured data has not been presented for a plane-wave source, it is reasonable to assume that the comparison would be similar to the point source results.
II. DESCRIPTION OF ACOUSTIC FIELDS
The analysis generally follows that given by Park and Eom 5 for an incident plane wave where full details can be found. A summary of the analysis is given here with details reserved for where the present analysis differs due to the assumed point source of sound. The scheme for non-dimensionalization follows that of Horner and Peat 6 and serves to generalize and clarify the analysis.
Consider a rectangular aperture of size 2a Â 2b in a rigid wall of thickness d which is of infinite extent ( Fig. 1 ). Let the aspect ratio be A ¼ a=b and the depth ratio be D ¼ d=a. Let
where the velocity potential for a spherical wave from the point source P of wave number k may be written as
where R p is the vector from point source P to general position (x, y, z). A time base of e Àixt is suppressed throughout for brevity. The resulting reflected and scattered velocity potentials are given by
where source R is the image of source P about z ¼ 0, and j is the scattered Helmholtz number.Ũ s f; g ð Þ is the Fourier
and f, g are the recoil wave numbers. Inside the duct the field is given over the depth, d, by
, and n mn d is an in-aperture axial Helmholtz number.
It is assumed that a rigid wall of infinite extent surrounds the aperture on the surfaces of which the normal component of the velocity potential gradient must be zero.
where
Consider next the continuity of potential boundary condition on the upper edge of the aperture 6), followed by multiplication by cos(pp=2)(x=a þ 1) cos(qp=2)(y=b þ 1) and integration over the aperture yields 5,6
½c mn sinðn mn dÞ À d mn sinðn mn dÞI mnpq ¼ e p e q ½c pq cosðn mn dÞ þ d pq sinðn pq dÞ; (9)
and In the transmitted field (z < Àd ) let
Application of the boundary conditions for continuity of potential and its normal derivative on the lower surface z ¼ Àd and similar analysis to that above yield
If cross-coupling of modes is ignored and the approximation 6
is employed, then it follows from Eq. (12) that
which implies the phase relationship between the two inaperture waves may be considered to be independent of the mode. It now follows from Eq. (9) that d mn ¼ c mn =f2e m e n ½sinðn mn dÞ þ i cosðn mn dÞg: 
Now it follows from Eqs. (2) and (11) that
where if the source is centered at (ÀX o , ÀY o , Z o ), then
It is assumed that the source is relatively far from the aper-
Then, over the aperture
such that Eq. (19) becomes
where p and q are generally non-integer values, unlike m and n. If p and q are both integers then the source location is such that the source is tuned to drive mode p, q within the aperture at cut-on. Using Eq. (23), Eq. (22) simplifies to
and F l ðuÞ ¼ ubðÀ1Þ l e iu þ e Àiu c u 2 À ðlp=2Þ 2 :
Following substitution from Eq. (24) into Eq. (18), one can evaluate the acoustic potential at any location in the transmitted field, given the location of the source relative to the aperture and the geometry of the aperture. Finally, since the source has already been assumed to be relatively far from the aperture, then at a position close to the source, the acoustic potential is essentially that of the point source only, as the contributions from the reflected and scattered fields will be negligible. Thus, from Eq. (1), U % U p . Let the acoustic pressure at a small distance jR p j from the source be p p and the acoustic pressure at some general point in the transmitted field be p t , then
Hence, if the acoustic pressure is measured at a small distance jR p j from the source, then the acoustic pressure at any location in the transmitted field can be evaluated from Eqs.
(2), (18), and (25).
III. EXPERIMENTAL SETUP
To achieve the desired conditions of a point source exciting an aperture separating two free fields, a loudspeaker within a fully anechoic chamber was used as the source. The main doors into the anechoic chamber from the outdoors were kept open, and a rigid baffle plate was constructed in the rectangular doorway of dimensions 2.97 m Â 2.39 m in the vertical (x direction) and horizontal (y direction) directions, respectively. This prevented any sound propagating around the sides of the baffle. The baffle plate was constructed of a rigid foam core with plastic covering on both sides, to give a total thickness of 28 mm. A rectangular aperture of size 1.54 m Â 1.03 m in the x and y directions was left in the baffle plate. Sound level meters were used to measure the sound pressure level of both the incident wave upon the aperture at a distance of 1 m from the loudspeaker source inside the anechoic chamber and also at a variety of positions in the transmitted field on the outdoor side of the baffle plate. Measurements in the transmitted field were made over arcs of radius 5 m in a horizontal plane centered on a vertical line through the center of the orifice, hence at constant vertical heights above ground. The measurement planes used were at heights above ground of 1.48, 1, and 0.65 m, corresponding to x ¼ À0.46, À0.94, and À1.29 m, respectively. Measurements were taken at 5 intervals over an arc of 625 . The maximum angle of the measurement arc was restricted by the fact that the doors of the anechoic chamber could only be opened so far as to be perpendicular to the baffle plate. The doors were lined with thick foam to reduce errors from reflections. Thick foam was also placed on the ground outside the anechoic chamber to reduce reflection of sound from the ground plane to the sound level meter in the transmitted field. Figure 2 shows sketches of the setup in terms of both a side and a plan view in planes through the center of the orifice.
The loudspeaker was positioned within the plane z ¼ 6.6 m, as far distant from the orifice as was practicable and within the negative x-y quadrant. A signal generator was used to input a 1 kHz sine wave to the speaker for all tests, which gave of the order of 25 higher-order modes cut-on in the aperture. Sound pressure level measurements were made in the 1=3 octave band centered on 1 kHz. The sound pressure level 1 m distant from the loudspeaker was close to 100 dB for all tests. Levels of background noise on the transmitted side of the orifice were consistently measured as 40 dB or less in normal conditions under which measurements were retained. Generally, the recorded levels of sound transmission through the aperture were 50 dB or greater such that the background noise would have been of no practical significance, but in one or two tests, the occasional reading near the extremities of the measurement arc did drop below 50 dB such that these values could have been compromised by the influence of background noise. Measurements of sound pressure level on the transmitted side were also undertaken with the orifice section of the baffle plate filled in, in order to measure sound transmission through the supposed rigid baffle plate. The recorded levels varied with both loudspeaker and microphone position but generally were 10-15 dB below the levels recorded for similar positions with an open aperture. However, the difference did fall as low as 5 dB at the extremities of the measurement arc, even when the sound pressure levels recorded here were 10 dB or more above the background noise level.
In summary, the accuracy of the measured results given below is possibly compromised wherever the recorded level falls beneath 50 dB and generally toward the extremities of the arc of measurement. 
IV. RESULTS
The first set of results, Figs. 3-6, correspond to integer p, q values, or source locations chosen such that the source is tuned to drive mode p, q within the aperture at cut-on. Figures 3-5 refer to a vertical plane of the measurement microphone which is at x ¼ À0.46 m, whereas Fig. 6 refers to x ¼ À1.29 m. Note that in all cases, the source and microphones are vertically beneath the center of the orifice. Figures 3 and 4 correspond to modes that are symmetric in y, namely (1,0) and (2,0), respectively, for which the source was placed in plane y ¼ 0. It is seen that the experimental results, particularly in the former case, are not precisely symmetric which is, therefore, indicative of experimental error. Furthermore, the close agreement between the two sets of experimental results indicates that there is some systematic experimental error due to asymmetry in the setup. This error becomes particularly noticeable near the angular limit set by the presence of the external doors, and the most probable cause of this would be differences in the absorbent lining applied to the face of these doors. Figure 5 gives similar results for an asymmetric mode, namely (2, 1) . Discrepancies between experimental and theoretical results remain at a similar level as for the symmetric modes and could therefore be attributed solely to experimental error. The discrepancies are seen to increase as the measured sound level reduces, which happened to coincide with large angles for the two previous cases, and thus maybe in part due to reduced signal-to-noise ratio.
Similar trends to those evident in Fig. 5 are also to be seen in Fig. 6 , where the vertical plane of measurement is further from the orifice center. In general, the discrepancies between theoretical and experimental results are larger, but then the measured values are all now lower such that there is an increase in error due to the reduced signal-to-noise ratio. However, in all of these figures for integer p, q values the trend of the pressure distribution is clearly the same in both the theoretical and experimental results, while the precise sound levels are similar if not perfectly in agreement. The discrepancies observed could justifiably be due solely to experimental error and there is no specific cause to doubt the accuracy of the results from the approximate theory. Previous analytical studies of the approximate theory 6 lead one to expect that it should be accurate under these conditions.
The results shown in Figs. 7-9 are of even greater practical significance in that they refer to non-integer p, q values, where the source is located at random rather in a position to drive one particular mode strongly at cut-on. Figure 7 refers to p ¼ 1.54, q ¼ 1.03, with the measurement plane at x ¼ À0.46. Similar results for the same p and q values were obtained for the measurement plane x ¼ À0.94. Thus, the q value is close to an integer but the p value is almost midway between integer values. Similar results for p ¼ 0.96 and q ¼ 0.96 are shown in Fig. 8 , such that now both p and q are close to but not exactly integer values. Finally, Fig. 9 refers to the case of p ¼ 1.0, q ¼ 0.5, where p is exactly an integer and q lies precisely midway between integer values. In all cases, it is observed that the discrepancies between theoretical and experimental values are no greater than for the cases of integer p, q values. Again, the trends are in very good agreement and the sound pressure levels are similar, with any differences within feasible bounds of experimental error. Earlier analytical work 6 on the error analysis of the approximate theory did not extend to non-integer p, q values, and thus, these findings are of particular significance, as they indicate that the approximate theory remains accurate for any general source location, provided that a number of higher-order modes are present in the aperture.
V. CONCLUSIONS
An approximate uncoupled mode solution to sound transmission through a rectangular aperture of finite thickness has been extended from the case of plane-wave impingement to that of impinging waves from a point source. The uncoupled analysis allows a solution technique that requires minimal computational effort as compared to a fully coupled analysis. It had been shown previously by analytical investigations that the uncoupled analysis gave accurate solutions provided that the impinging plane-wave sound field excited a mode in the aperture precisely at cut-on. The development to consider impinging sound from a point source has enabled experimental validation of the uncoupled analysis and it has been shown to yield accurate results for prediction of the transmitted sound field whether or not an aperture mode is driven at cut-on, or in other words for any relative positioning of the source and aperture. The technique does require a number of higher-order modes to be cut-on in the aperture.
